ABSTRACT: Here we demonstrate that the performance of catalytic electrodes, fabricated from liquid exfoliated MoS2 nanosheets, can be optimized by maximizing the electrode thickness, coupled with the addition of carbon nanotubes. We find the current, and so the H2 generation rate, at a given potential to increase linearly with electrode thickness to up ~5 m after which saturation occurs. This linear increase is consistent with a simple model which allows a figure of merit to be extracted. The magnitude of this figure of merit implies that approximately two thirds of the possible catalytically active edge sites in this MoS2 are inactive.
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ABSTRACT: Here we demonstrate that the performance of catalytic electrodes, fabricated from liquid exfoliated MoS2 nanosheets, can be optimized by maximizing the electrode thickness, coupled with the addition of carbon nanotubes. We find the current, and so the H2 generation rate, at a given potential to increase linearly with electrode thickness to up ~5 m after which saturation occurs. This linear increase is consistent with a simple model which allows a figure of merit to be extracted. The magnitude of this figure of merit implies that approximately two thirds of the possible catalytically active edge sites in this MoS2 are inactive.
We propose the saturation in current to be partly due to limitations associated with transporting charge through the resistive electrode to active sites. We resolve this by fabricating composite electrodes of MoS2 nanosheets mixed with carbon nanotubes. We find both the electrode conductivity and the catalytic current at a given potential increase with nanotube content as described by percolation theory.
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It is widely accepted that nanoscience has an important role to play in the next stages of development of energy generation and storage systems. 1 One example of this is the use of nanomaterials as catalysts for the generation of hydrogen for use as a fuel. This is generally achieved through the hydrogen evolution reaction (HER): 2 22 H e H   . Currently, while platinum is the most efficient catalyst for the HER, its high price makes it far from the ideal material. To address this by replacing platinum will require the identification of a material which is abundant, non-toxic and cheap and of course can generate hydrogen at competitive rates at low applied potential. Finding a nanomaterial that can fulfill these requirements has generated much interest within the research community. [2] [3] [4] In recent years, two dimensional (2D) nanomaterials such as transition metal dichalcogenides (TMDs) and transition metal oxides (TMOs) have shown great promise in a number of areas 5, 6 -including energy generation and storage. [7] [8] [9] [10] [11] In particular, exfoliated molybdenum disulfide (MoS2) has received significant attention as a prospective HER electrocatalyst, with other TMDs such as MoSe2, WS2 and WSe2 also showing potential. 3, 8, [12] [13] [14] [15] MoS2 is an earth-abundant layered material that can be exfoliated to give 2D nanosheets. 16 While MoS2 is a poor HER catalyst in bulk form, 17, 18 exfoliated MoS2 nanosheets (and other TMDs) are efficient HER catalysts. This has been demonstrated for thin films of liquid exfoliated MoS2 nanosheets, [19] [20] [21] [22] nanostructured MoS2 particles 8, 18, 23 and MoS2 grown on surfaces 24, 25 (although here the substrate has a significant impact 26 ).
TMDs are most usually found in two polytypes: 2H-MoS2 which is semiconducting and 1T-MoS2 which is metallic. 5 The 2H form is most commonly encountered while the 1T polytype can be produced by lithium intercalation of 2H MoS2. The HER activity of these polytypes is different: in the 1T form the basal plane is catalytically active 3 while in the 2H form the active sites are associated with uncoordinated disulphides at the nanosheet edge. [27] [28] [29] High-quality 2D nanosheets can be produced quickly and easily using liquid phase exfoliation (LPE). 16, [30] [31] [32] [33] This method is scalable 31 and gives dispersions of suspended MoS2 nanosheets in a processable form. Importantly, advanced centrifugation and spectroscopic techniques can be used to control and measure the nanosheet thickness and size, 34 thus allowing for the selection of small nanosheets with greater numbers of edge sites.
Nanosheet dispersions can easily be formed into porous films consisting of disordered arrays of nanosheets. 35 Such films have great potential for hydrogen evolution catalysis as their porous nature will facilitate access of the electrolyte throughout the interior of the electrode. 36 However, nanosheet catalysts are not perfect and require optimization. Probably the most obvious route is to use the processability of LPE dispersions to optimize electrodes, for example by maximizing the number of catalytically active sites.
Increasing the density of active sites improves the performance while also reducing the catalytic footprint, thus reducing costs. A number of authors have approached this problem. Kong et al 12 and others [37] [38] [39] have grown films of vertically aligned MoS2 nano-planes thereby maximizing the number of exposed edge sites. Reducing the particle size to optimize the ratio of edge to basal plane atoms has also proven effective. [40] [41] [42] [43] [44] [45] Alternatively, introducing defects into the MoS2 basal plane increases the number of active edge sites 41, 46 as has the use of amorphous instead of crystalline MoS2. [47] [48] [49] [50] [51] Engineering the morphology of MoS2 nanostructures to expose a high density of active edge sites such as single-crystal MoS2 nanobelts, 52 nanotubes, 18 three dimensional MoS2 spirals 53 or double-gyroid structures 54 is
another effective method to improve HER activity.
A simple method for achieving highly active catalysts is to use thicker (i.e.
higher nanosheet mass loading) electrodes to increase the overall number of available active sites. 21, 24, 39, 40, 43, 46, 48, 49, 51, [55] [56] [57] [58] Thicker electrodes should improve activity so as long as electrolyte is free to move throughout the material (i.e. films are porous) and there is good electrical contact between the current collector and the active sites. However, increasing the nanosheet mass per area (M/A) of 2D catalytic electrodes has had limited success because, while the hydrogen production rate, as measured via the current flowing in the electrode, initially increases as the catalyst mass is increased, it invariably peaks at some loading level before falling off at higher M/A. 21, 24, 46, 48, 58 Unfortunately, this reduction often occurs at quite low mass loadings, 21, 24, 46, 48 limiting the performance of the catalyst. A detailed understanding of these limitations is lacking as a full analysis of the relationship between film thickness and activity has yet to be reported. Here, production of films from LPE nanosheets will be particularly advantageous as film formation using this method is particularly straightforward. 35 There are a number of reasons why increasing the thickness of nanosheet films may not result in the desired performance increases. For example, for thick films mechanical robustness 35 may be a problem, leading to cracking -especially during gas evolution.
Alternatively, in thick electrodes diffusion of ions into the interior will eventually limit the production rate, cancelling out any gains due to increased M/A. Perhaps even more significant are electrical limitations. For low conductivity electrode materials, performance will be limited by difficulties in getting electrons from the external circuit to catalytic sites. This is particularly likely to be the case in electrodes fabricated from semiconducting nanosheets such as MoS2 which tend to give films with out-of-plane conductivity as low as ~10 -9 S/m. 59 Such electrical limitations have been comprehensively documented for supercapacitor electrodes fabricated from MnO2 nanosheets. 9 As a result, while many papers in the literature report impressive data for thin film electrodes, the corresponding data for thick films is often not given. In fact it is quite uncommon to find nanosheet catalytic electrodes made with mass loading of 0.5 mg/cm 2 (e.g.
~1.7 μm for MoS2) or higher. To achieve impressive performance for thicker films, reliable film formation methods must be used in parallel with efforts to improve the electrical properties of the electrodes. MoS2 to the metallic 1T polytype. 20, 22, 43, 56, 67 However, a simpler and perhaps more versatile approach to improve electrical properties of the electrode is to use liquid exfoliation coupled with solution mixing 35 to create dispersions of nanosheets mixed with carbon nanotubes. Such dispersions can be formed into robust composite films 35 which can be up to 10 9 times more conductive than a nanosheet networks alone 68 and also have improved mechanical properties. 9, 69 While this approach has been explored in detail for supercapacitor electrodes, 9 it has only been touched upon for electrocatalysis. 20, 48, 64 A full investigation of the effects of the addition of carbon nanotubes on the catalyst activity has not yet been attempted. Such a detailed study would be important both from the perspective of basic science and for practical reasons: e.g. to identify the minimum nanoconductor mass fraction required.
In this work we have used porous electrodes of randomly restacked MoS2 nanosheets as a model system and investigated the enhancements in catalytic performance associated with maximizing electrode thickness. We show that the current density rises linearly with increasing thickness up to ~5 μm, much higher than previously shown in literature. Above ~5 μm, improvement in activity is shown to saturate with rising thickness, consistent with limitations associated with electrical conductivity. To combat this we fabricated composite films of MoS2 nanosheets mixed with single-walled carbon nanotubes (SWNTs). We demonstrate that the addition of even a few weight percent of nanotubes can have dramatic effects on both the conductivity and the catalytic performance, with current density values more than doubling for the composite devices.
Results

MoS2-only electrodes
Molybdenum disulphide (MoS2) nanosheets were prepared by liquid phase exfoliation in aqueous surfactant solution using a combined process of sonication and centrifugation (see methods). 16 This process resulted in dark green dispersions of MoS2 nanosheets in water, stabilized by the surfactant sodium cholate. TEM imaging ( Figure 1A and B) confirmed the dispersed material to be in the form of thin nanosheets with statistical analysis ( figure 1C) giving a mean flake length of L=114±4 nm. We also measured the average length/width aspect ratio to be k=1.98±0.09. The UV-vis extinction spectrum of such a dispersion is shown in figure   1D and is as expected for suspended few-layer 2H-MoS2 nanosheets. 35 Using the measured extinction coefficient of 345nm=69 mlmg -1 cm -1 , 34 we found the MoS2 concentration to be 0.6 mg/ml. As shown previously, 34 the ratio of extinction at the B-exciton to that at 345 nm is sensitive to the mean nanosheet length while the wavelength associated with the A-exciton is determined by the mean nanosheet thickness. Using previously identified metrics, 34 we analyze the extinction spectrum, finding the average flake length to be L=122±6 nm, in good agreement with the TEM data. In addition, we found the mean nanosheet thickness, expressed as the average number of layers per flake to be N=3.4±0.5.
The nanosheet dispersion was used to prepare thin films by vacuum filtration. 35 This method has the advantage that the deposited mass and resultant film thickness can be controlled relatively accurately. The films were prepared with mass per area (M/A) ranging from 0.06 -4 mg/cm 2 , a considerably broader range than used in previously published works. 40, 43, 46, 48, 56 A section of each film was then transferred onto conductive pyrolytic carbon (PyC) (figure 1E) using a transfer process outlined in the methods. SEM images were taken of the thick films, shown in figure 1F and G, revealing a highly porous structure consisting of a disordered array of MoS2 nanosheets.
Step profiles of each film were taken using a profilometer, giving a thickness range of 0.2 μm to 14 μm. The film density was found to be film~2890 kg/m 3 , invariant with thickness, giving a film porosity of P~43% (taking the density of MoS2 to be 5060 kg/m 3 , see SI). This porosity is typical of that found for vacuum filtered nanosheet films.
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This porous-network type morphology is advantageous for applications in electrocatalysis as it should enable free access of the electrolyte to the internal surface of the electrode. This should allow all active sites within the film to be exposed to electrolyte. For a HER electrocatalyst, the relationship between the overpotential and the current density is described by the cathodic term of the Butler-Volmer equation, known as the Tafel equation, which can be written as:
where J is the measured current density, J0 is the exchange current density, η is the The Tafel slope is a useful parameter and is a measure of the potential increase required to improve the current density by one order of magnitude. More fundamentally, analysis of the Tafel slope is used to evaluate the dominant HER mechanism at the electrode/electrolyte interface. It is generally accepted that the HER follows one of two possible reaction pathways. 71, 72 These pathways involve the Volmer reaction:
coupled with either the Heyrovsky or Tafel reactions: While the measured value of 125±17 mV/dec implies the rate limiting step to be the Volmer reaction in our case, it is worth exploring if this is the case independent of electrode thickness.
Dependence of Hydrogen evolution with electrode thickness
To do this, we found the Tafel slope for each film which we plotted against film thickness, as shown in figure 3A . The Tafel slope remains relatively constant with film thickness, (<b>=125±17 mV/dec), indicating the Volmer reaction to be the r. Increasing the film thickness increases the number of available catalytic sites within the interior of the film. This implies that both the exchange current density, J0, and the current at a given potential, J(V) should scale directly with film thickness. Figure 3B shows J0 to increase with film thickness from ~0.003 mA/cm 2 for a 0.76 μm film to an impressive ~0.13 mA/cm 2 at a thickness of 11.4 μm. This is one of the highest values of exchange current density in literature with only 1T MoS2 achieving higher current values. 43, 56 Although, as is often the case for J0, the data is scattered, it is clearly linear (dashed line) with a slope of dJ0/dt=0.0180.003 mAcm -2 m -1 (equivalent to a current per electrode volume of 18030 kA/m 3 ).
It is also useful to consider the current at a given potential as a measure of the effectiveness of the electrode as a HER catalyst. Figure 3C shows the positive value of the current density at V= -250 mV vs RHE, -J-250mV, plotted versus electrode thickness. Here the data is much less scattered and clearly scales linearly with electrode thickness (
as far as t ~5 μm, after which the current saturates. As long as the electrode morphology is thickness independent, the number (per unit area) of active sites will increase linearly with electrode thicknesses. Then, assuming the electrolyte is free to permeate throughout the entire film and there is nothing limiting the transport of charge from the current collector to the active sites, a linear increase in current with thickness implies that Hydrogen generation is occurring throughout the internal free volume of the electrode. This is an important result as it shows that in porous electrodes such as these, the gas production rate can be increased simply by increasing the electrode mass.
We can understand the thickness dependence of the current density quantitatively by developing a simple model which is based on the linear relationship between the current and the hydrogen production rate. 77 Assuming all active sites on the internal surface of the electrode are in contact with the electrolyte, that the evolved gas can escape and that nothing limits current flow between the external circuit and the catalytic sites, we can write the current density
where Ns is the number of active sites, R is the number of H2 molecules produced per site per second (the turnover number), A is the geometric area of the electrode and n is the number of electrons supplied per molecule produced (N.B. n=2 for HER but this equation can be adapted for other reactions by changing n).
For 2H-MoS2, the catalytic sites are associated with edge sulphurs. 18, [27] [28] [29] However, only a fraction of these may be active, perhaps due to functionalization with impurity species.
27, 28 Thus we characterise the active sites solely via their location on the nanosheet edge and through their separation, which we express via the number of catalytic active sites per unit monolayer edge length, B. Thus, in a few-layer nanosheet, the number of active sites is B times the perimeter length times the number of monomers per nanosheet. We can work out the total number of active sites by further multiplying by the number of nanosheets per unit mass times the electrode mass, M. Then we find: (6) where L is the mean nanosheet length, k is the mean nanosheet length/width aspect ratio (given above), d0=0.6 nm is the monomer thickness and NS is the nanosheet density (5060 kg/m 3 for MoS2). Combining equations 5 and 6, we find
Alternatively, this can be written as a function of electrode thickness, t:
where P is the porosity ( ).
Based on the Butler-Volmer equation, the turnover number should depend on overpotential as , where R0 is the turnover number at zero overpotential, allowing us to write
This equation completely describes the thickness dependence observed in figure 3C . By comparison with equation 1, this means we can write the exchange current density as 00 0
We note that the first square bracketed quantity is a measure of the catalytic properties of the nanosheets while the second square bracketed property depends on the nanosheet dimensions and film morphology. As these second set of properties are known, we can use the fit from figure 3B to find 0 RB112.5 H2 molecules s -1 m -1 of monolayer edge length. We propose that this number is a figure of merit which can be used to compare the catalytic performance of different 2D materials.
In general, most papers quote R0 or R() as a figure of merit for the nanosheet catalytic activity. However, this is not strictly correct as these parameters describe the activity of the catalytic site. The overall activity of the nanosheet is better labelled by R0B as it describes both the site activity and the site density. In fact, disentangling these parameters is always problematic as it can be hard to accurately measure B (or more generally the site density We can also plot the potential required to generate a given current density (here 3 mA/cm 2 ) versus electrode thickness as shown in figure 3D (plotted as -V3mA/cm2). We find a logarithmic decrease from ~400 mV at t ~200 nm to ~200 mV for t~5-6 m, after which the potential saturates. We can understand this via the linearity of J0 with t embodied in eq 9. With this in mind, we can rewrite equation 1 as . Then, the overpotential for a given current is given by
This equation implies that the slope of an (J) versus log(t) graph should be equal to the Tafel slope of the nanosheets. This is supported by the fact that the slope of the dashed fit line in figure 3D is 129 mV/dec, very close to the mean Tafel slope of 125 mV/dec found above.
It is worth considering how the material optimisation described above would affect the potential required to achieve a given current, However, it should be noted that all of these M/A limits are far lower than for our electrodes. As described above, there are a number of reasons why performance should fall off as the electrode thickness increases, namely diffusion, mechanical and electrical limitations. We believe that the latter two problems can be addressed relatively simply by adding nanotubes to the electrode.
Composite films of MoS2 and SWNTs
As demonstrated recently for MnO2 nanosheet supercapacitors, 9 a simple solution to the electrical transport issues of the thicker films is to mix single-walled carbon nanotubes (SWNT) with the nanosheets to form a hybrid film. The nanotubes will form a conductive network throughout the film, facilitating charge transport from the current collector to the active edge sites. This work 9 showed that just a few volume percent nanotubes could lead to a dramatic enhancement in both the electrical and capacitance properties of MnO2 supercapacitors. Notably, these enhancements were both fully consistent with percolation theory.
To insure a minimum amount of non-active material is added a full characterisation of SWNT loading is needed. We prepared a range of mixed dispersions of MoS2/SWNTs by solution mixing (see methods). These were filtered to form composite films which were then transferred onto PyC electrodes as before. To facilitate analysis, the composite films had a We performed SEM analysis of the composite films with a typical example shown in figure 4A (top left inset, Mf=13 wt%). The SWNTs are clearly visible suggesting effective mixing of the SWNTs within the MoS2 matrix. The composite films were also found to maintain their high porosity, with free volume of ~45±5% (see SI), unchanged relative to MoS2-only films. This is important as it shows that any improvements associated with addition of SWNTs are not due to increasing porosity or morphological changes.
We propose that addition of nanotubes will facilitate the transport of electrons from the current collector to the catalytically active sites within the electrode. This will require the enhancement of the out of plane conductivity of the electrode. However, for reasons of practicality, we assess the effect of the nanotubes by measuring the in-plane conductivities, σ, for a range of MoS2/SWNT composites. Compared to the known in-plane conductivity of an MoS2 nanosheet network (~10 -6 S/m, ref 68, 81 ), the composites showed dramatically increased conductivity. As shown in figure 4A , σ increases rapidly with Mf, reaching ~275 S/m for Mf =1 wt% and ~1.2×10 4 S/m for the Mf =13 wt%. This behaviour is consistent with previously reported composites of carbon nanotubes mixed with MoS2 nansosheets, 68 as well as the broader field of nanotube-filled polymers. 82 The electrical properties of insulating matrices filled with conducting particles are usually described using percolation theory. 83 Within this framework, as the filler volume fraction () is increased, the film conductivity remains similar to that of the matrix until a critical filler volume fraction, the percolation threshold, ϕc,e, is reached. At this point the first conducting path across the film is formed and current begins to flow. Above the percolation threshold, the conductivity is described by the percolation scaling law:
where n is the percolation exponent and σ0 approximates the conductivity of film prepared from filler particles alone. As shown in figure 4A (bottom right inset), our data is consistent with percolation theory, with fitting giving values of 0=1×10 5 S/m, ϕc,e=0.5 vol% and n=1.3. This value of 0 is consistent with other percolation studies, 9, 68 but also with measurements on nanotubes films showing conductivities of ~10 5 S/m are generally achieved. 84 The percolation threshold is also as expected 9, 68 and is consistent with theory which predicts ϕc,e to be approximately given by the ratio of mean nanotube diameter to length. 82 Such a small percolation threshold for conductivity is advantageous as only a very small amount of SWNT filler is required for a large increase in conductivity. This means very little catalytic material has to be sacrificed to introduce the conductive paths. Finally the exponent is identical to the universal percolation exponent (n=1.3) for transport in two dimensions and similar to measured percolation exponents (n=1.2 and n=1.8) in other nanotube-nanosheet networks. 9, 68 It is important to point out that the paragraphs above describe in-plane conductivity whereas it is the out-of-plane conductivity that is relevant in HER. This distinction is important as MoS2 films are known to be electrically anisotropic with out-of-plane conductivity ~1000
times lower than in-plane conductivity. 59, 81 To our knowledge the out-of-plane conductivity has never been measured for nanosheet-nanotube composites partly due to the difficulty in avoiding pinholes. However, it is reasonable to assume that addition of nanotubes will result in out-of-plane conductivity increases which are in proportion to the measured in-plane increases described above. This hypothesis is supported by the large increases in supercapacitance of MnO2 nanosheet films recently observed on addition of nanotubes. 9 Such increases could not occur if addition of nanotubes did not enhance the out-of-plane conductivity.
HER measurements for MoS2/SWNT films
We have shown that small amounts of added SWNTs can dramatically improve the DC conductivity of thick MoS2 films. The next step is to examine whether this added conductive value plays a role in improving the actual catalytic performance of the thick MoS2 electrodes.
To do this we performed linear voltage sweep measurements on a series of composites (MoS2 M/A=1.45 mg/cm 2 , t~5 μm) and plotted polarisation curves shown in figure 4B . A considerable increase in current density is measured with the addition of just a few wt% SWNTs. This strongly supports the idea that the introduction of conductive paths facilitates charge transport to active sites of the MoS2. The onset potential is also reduced from -0.140V vs RHE to -0.112 V vs RHE for a film of just 10 wt% SWNTs. The addition of SWNTs clearly has a positive impact on the HER catalytic activity Tafel plots were then generated for each composite film (figure 4B inset) and the Tafel slopes extracted. Figure 5A shows the Tafel slope remains roughly constant, around 102±17 mV/dec, when plotted against SWNT volume fraction. We also performed electrochemical impedance spectroscopy on an MoS2-only electrode and a number of composite electrodes with varying nanotube content (all ~5 µm thickness). Data for a subset of electrodes is plotted in figure 4C as Nyquist plots. While all curves can be fitted to a model 85 which describes both the MoS2/SWNT electrode and interfacial processes (see SI), the main effect of adding nanotubes is to reduce the charge transfer resistance (see below).
In order to further characterise the impact of adding nanotubes to the MoS2 electrode,
we have plotted J0, -J-250mV and -V-3mA/cm2 versus SWNT volume fraction in figures 5B-D.
Shown in figure 5B is data for exchange current density, J0, as a function of nanotube volume fraction. Here the data is somewhat scattered as is often the case for values of J0 extracted from Tafel plots. However, the dashed line is a guide to the eye and suggests the exchange current does indeed increase with nanotube content.
More reliable is data for current density read directly from polarisation curves. Shown in figure 5C is data for the current density, measured at V=-250 mV vs RHE, plotted versus .
It is clear from this data that the current is constant at 7-8 mA/cm 2 at low volume fractions but increases sharply when the volume fraction surpasses 0.5-1 vol%, reaching ~14 mA/cm 2 for nanotube contents of ~20 vol%. We interpret this behaviour as reflecting the improved charge transport through the film above the percolation threshold. This facilitates efficient delivery of electrons to the catalytically active sites and results in higher hydrogen production rates.
Similar behaviour has been seen previously for MnO2/SWNT supercapacitors 9 and
MoS2/SWNT lithium ion battery electrodes. 86 In the case of the composite supercapacitors, it was found that the excess capacitance, i.e. the capacitance increase relative to the matrix associated with the addition of the nanotubes followed a percolation scaling law. 9 Assuming the same behaviour is found here would imply the hydrogen production rate, and so the current density to scale as This graph shows particularly clearly that this data is consistent with percolation theory. From the fitting, we find values of c,c=0.5 vol% and nc=0. 75 . Interestingly, the catalytic percolation threshold is identical to the electrical percolation threshold, strongly suggesting the performance increase to be associated with the conductivity increase. The catalytic percolation exponent is significantly smaller than the electrical percolation exponent as observed previously for MnO2/SWNT composite supercapacitors 9 and MoS2/SWNT composite Li ion battery electrodes. 87 While this is not fully understood, we suggest that the percolative nature of the hydrogen production rate is due to the scaling of the extent of the nanotube network with . When >c, nanotubes can either belong to the network spanning the entire film or be isolated from it. The strength of the network is the probability that a given nanotube belongs to the network and is given by
. 83 We propose that stronger networks are more able to deliver electrons to catalytic sites throughout the film. This results in the power law scaling of -J-250mV with . That the exponent is relatively low may be a reflection of the fact that  is usually quite low; values as low as 0.14 have been proposed for certain lattices. 88 However, we note that we would not expect the exponent nc to be equal to . It is likely that the exact value of nc is specific to the details of the parameter being examined (i.e. here -J-250mV).
Another important parameter is the potential required to achieve a given current density.
When continuously producing hydrogen at a constant rate, it is critical that the required potential is as low as possible to minimise power consumption. Shown in figure 5E is a graph of the potential required to generate a current density of -3 mA/cm 2 plotted versus SWNT volume fraction. At low volume fractions, the potential is similar to but slightly lower than the equivalent potential in MoS2 only films. However at ~0.7 vol% the potential begins to fall sharply, reaching 170 mV for a nanotube content of 13 vol%. Because the power consumption in a hydrogen generator will scale as and because the hydrogen production rate scales linearly with J, this reduction in V-3mA/cm2, is equivalent to a 15% reduction in the energy cost per H2 molecule relative to a MoS2 only electrode of equivalent thickness. 
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Another parameter which is important for the description of the HER is the charge transfer resistance, Rct. This resistance essentially describes the rate of charge transfer across the electrode/electrolyte during the Volmer or Heyrovsky reactions. We found Rct (when multiplied by geometric electrode area) to be 130 Ωcm 2 for the MoS2-only electrode. However, the charge transfer resistance fell sharply on addition of carbon nanotubes, reaching 72 Ωcm 2 for the 0.14 vol% sample. We suggest that the presence of nanotubes increases the conductivity of the electrode and so enables a rapid supply of electrones from current collector to catalytic sites. This allows electron transfer to approach its intrinsic rate and results in a reduction of Rct.
Finally, we have measured the stability of electrodes fabricated from both MoS2 nanosheets and a 14 vol% MoS2/SWNT composite (t=5 µm in both cases). We performed chronoamperometry at a fixed overpotential of 300 mV for approximately 160 minutes on each electrode (see SI). In both cases, we found a steady fall in current density over the first hour with subsequent stabilisation of current. We find a 48% fall off in current for the MoS2-only sample over approximately two and a half hours. However, addition of 10% nanotubes significantly stabilized the electrode with a fall-off of only 27% over the same timescale. We suggest that the source of instability is the mechanical fragmentation of the electrode due to the stresses associated with bubble release. As observed previously, 35 addition of nanotubes should significantly increase the robustness of the electrode resulting in the observed increase in stability.
Conclusions
We have demonstrated that dispersions of liquid exfoliated nanosheets are a versatile starting material for the production of electrodes for catalysing the hydrogen evolution reaction.
Such electrodes can easily be fabricated at controlled thicknesses up to ~10 m. We found the Tafel slope to be independent of electrode thickness, consistent with the hydrogen production rate being limited by the Volmer reaction. The exchange current density and the current density at fixed potential scaled linearly with electrode thickness while the potential required to generate a given current fell logarithmically with thickness. These behaviours imply that the electrolyte penetrates throughout the porous internal surface of the electrode resulting in hydrogen production at all available active sites. However, this behaviour only persists up to thicknesses of ~5 m. For thicker electrodes, the current and potential saturates with no further gains achievable by increasing electrode thickness.
This saturation is partly due to the difficulties of transporting charge through a thick insulating film, coupled with the reduction in mechanical robustness as the thickness is increased. We addressed this by adding carbon nanotubes to the electrode, increasing both its electrical and mechanical properties. While the Tafel slope was largely independent of nanotube content, we found the exchange current density, the current density at fixed potential and the potential required to generate a given current to improve with the increasing nanotube content. This increase in performance is associated with the introduction of conducting paths to the thick electrodes allowing for charge to better reach previously inaccessible sites. This activates more of the MoS2 thus leading to a more active catalyst. This is further supporting evidence to suggest that the saturation of electrode performance at higher thicknesses is majorly due to electrical and not mass transport limitations. Interestingly, we found the current at a given potential to be well described by percolation theory.
While we have used MoS2 as an electrocatalyst for the hydrogen evolution reaction as a model system to study the effect of thickness and nanotube content, we believe the learnings are general and could be applied to other systems such as Ni(OH)2 for catalysis of the oxygen reduction reaction. We believe that the strategies outlined here may be enough to push another system across the boundary from promising to state of the art and demonstrate the usefulness of nanomaterials science to fields such as catalysis.
Methods
Preparation of MoS2 dispersions:
Stock solutions of sodium cholate (SC, Sigma-Aldrich) were prepared by adding deionised water at SC concentrations of 12 mg/ml and 3 mg/ml. MoS2 powder (MoS2, SigmaAldrich) was added to 80 ml of the 12 mg/ml SC solution at a concentration of 30 mg/ml and exfoliated using a high power sonic tip (VibraCell CVX; 750 W, 60 kHz) for 1 hour at 60%
amplitude, pulse rate 6 s on 2 s off. The formed dispersion was immediately centrifuged (Heraeus Multifuge X1) at 5500 rpm for 99 min and the supernatant, containing very small nanoparticles and impurities, was removed. The sediment was redispersed in the solution of 3 mg/ml sodium cholate to a volume of 80 ml and sonicated for 8 hours at 60% amplitude, pulse rate 4 s on 4 s off, to finish the exfoliation process. The dispersion was then let sit for 2 hours to allow large aggregates to settle.
Control over the average flakes size of the dispersion was possible using precise centrifugation conditions. The dispersion was first centrifuged at 5000 rpm for 2.5 hours and the supernatant, containing very small flakes, was removed and discarded. The sediment was redispersed in the 3 mg/ml SC solution and centrifuged at 2000 rpm for 2.5 hours. This step separates out larger flakes form the desired flake size. The supernatant was retrieved and formed a stable dispersion. The concentration of exfoliated MoS2 was determined by UVvisible absorption spectroscopy at wavelength of 345 nm using a Varian Cary 6000i. Using the Beer-Lambert relation: , the dispersion concentration, C, was found, using an extinction coefficient, of 345nm=69 mlmg -1 cm -1 , 34 and a cell length, l=1 cm. The average flake length and number of layers per flake of the exfoliated MoS2 was then calculated from the absorption spectrum using previously reported metrics. 34 
Preparation of SWNT dispersions:
A stock solution of 10 mg/ml SC in deionised water was prepared. Single-walled carbon nanotube powder (SWNTs, arc-discharge, Iljin Nanotech Co.) was added to the solution such To remove the remaining surfactant, both MoS2-only and composite films were washed by filtering 200 ml of deionised water through the porous films. The resulting films (diameter 36 mm) were left to dry overnight. Once dry, they were cut to the desired dimensions and transferred to a pyrolytic carbon (PyC) or glass substrates for electrochemical testing, SEM imaging, profilometry thickness and electrical measurements. The cellulose membrane was removed by applying pressure to the film, wetting it with acetone vapour and subjecting it to a series of acetone baths. The acetone dissolves the cellulose membrane and leaves the films behind on the substrate surface (see for example ref 84 ). Pyrolytic carbon was grown by chemical vapour deposition (CVD) as described previously.
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Electrode Characterisation:
Film thickness was measured using a Dektak 6M, Veeco Instruments profilometer.
Step profiles were taken at four different locations to get an average film thickness for each electrode. Films ranged in thickness from 0.2 μm to 14 μm. This is a non-destructive process and allows for the film thickness to be obtained for each electrode before electrochemical measurements. For composites, the nanotube mass fraction, Mf, was converted to volume fraction, ϕ, using
where VNT and VT are the volumes occupied by nanotubes and entire film respectively and ρFilm and ρNT are the densities of the film and the nanotubes respectively (ρNT=1800 kg/m 3 ). Electrical conductivity measurements were made with a Keithley 2400 source meter (Keithley Instruments, Inc) using a four probe technique.
Silver wire contacts were bonded to the film using Agar Scientific silver paint and electrode spacing was carefully recorded using ImageJ software. SEM images were obtained using a 
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